Alpha-neurotoxins target voltage-gated sodium channels (Na v s) and constitute an important component in the venom of Buthidae scorpions. These toxins are short polypeptides highly conserved in sequence and three-dimensional structure, and yet they differ greatly in activity and preference for insect and various mammalian Na v s. Despite extensive studies of the structure-function relationship of these toxins, only little is known about their evolution and phylogeny. Using a broad data set based on published sequences and rigorous cloning, we reconstructed a reliable phylogenetic tree of scorpion a-toxins and estimated the evolutionary forces involved in the diversification of their genes using maximum likelihoodbased methods. Although the toxins are largely conserved, four positions were found to evolve under positive selection, of which two (10 and 18; numbered according to LqhaIT and Lqh2 from the Israeli yellow scorpion Leiurus quinquestriatus hebraeus) have been previously shown to affect toxin activity. The putative role of the other two positions (39 and 41) was analyzed by mutagenesis of Lqh2 and LqhaIT. Whereas substitution P41K in Lqh2 did not alter its activity, substitution K41P in LqhaIT significantly decreased the activity at insect and mammalian Na v s. Surprisingly, not only that substitution A39L in both toxins increased their activity by 10-fold but also LqhaIT A39L was active at the mammalian brain channel rNa v 1.2a, which otherwise is hardly affected by LqhaIT, and Lqh2
Introduction
Peptide toxins of many animals have been shown to be encoded by large gene families whose members have diverged under positive Darwinian selection, often described as ''accelerated'' or ''rapid'' evolution (Nakashima et al. 1993; Duda and Palumbi 1999; Chen et al. 2008; Moran et al. 2008 ). This trend was also shown for long-chain scorpion toxins (Zhu et al. 2004) , which are 61-76 residue-long polypeptides active on voltage-gated sodium channels (Na v s) (reviewed in Martin-Eauclaire and Couraud 1995; Possani et al. 1999 ). Long-chain scorpion toxins are divided into two classes based on their pharmacological properties Gurevitz et al. 2007 ): a-toxins, which bind at receptor site 3 on the extracellular surface of the channel and inhibit the fast inactivation process, and b-toxins, which bind at receptor site 4 and shift the threshold of channel activation to more negative membrane potentials. Each class is further divided into pharmacological groups according to their binding properties at various Na v s.
Scorpion a-toxins have been found only in species of the Buthidae family , and according to their preference for either insect and/or mammalian Na v s, are divided into: 1) a-toxins active only at mammalian Na v s, 2) a-toxins active on insects and mammals but inactive at mammalian brain Na v s; and 3) a-toxins active at insect and mammalian Na v s (reviewed in Gordon et al. 2007 ). The bioactive surface of a-toxins is made of two domains (Wang et al. 2003; Karbat et al. 2004 Karbat et al. , 2007 Gordon et al. 2007; Kahn et al. 2009 ): the core domain, composed of residues at the loops connecting the secondary structure elements, and the NC domain, formed by residues 8-12 (five-residue turn) and the C-tail. Despite the similarity among these toxins, subtle variations at their face of interaction with the channel receptors render differences in their function and selectivity (Gordon and Gurevitz 2003; Gordon et al. 2007) . Such an example is position 17 found to be important for the activity of a-toxins toward insect Na v s, whereas position 15 is important for activity at the mammalian brain channel Na v 1.2 (Karbat et al. 2004; Kahn et al. 2009 ).
Because all long-chain scorpion toxins share a common scaffold and gene organization, it was suggested that they had radiated from a common ancestor (Froy et al. 1999 ). Yet, thorough analysis of their evolution was limited by the availability of gene and transcript sequences as well as by the lack of data about the pharmacology of toxin sequences deposited in GenBank. Despite these drawbacks, an evolutionary analysis of scorpion a-toxins has been reported (Zhu et al. 2004 ), implicating seven residues as being subject to positive selection with P . 0.95. However, these implications might have been skewed by the limited data set used because 13 of the 19 sequences employed in this phylogenetic analysis were of a single species (Mesobuthus martensii). Recently, 19 additional a-toxin transcripts were isolated from the species Buthus occitanus israelis, but their evolutionary analysis was mostly restricted to intraspecific studies (Kozminksy-Atias et al. 2008) .
The phylogenetic analysis presented here is based on a much broader data set of scorpion a-toxins from eight species and reveals that only four positions are under positive selection. Mutagenic analysis of two of these positions revealed their key role in toxin potency and pharmacological selectivity.
Materials and Methods

Biological Material
Leiurus quinquestriatus hebraeus (Buthidae), the two Androctonus species, Androctonus bicolor and Androctonus crassicauda (Buthidae), and Scorpio maurus palmatus (Scorpionidae) were collected in the Judaen desert, whereas the black scorpions, Hottentotta judaica (formerly Buthotus judaicus; Buthidae), were collected in the lower Carmel mountains of Israel. Androctonus mauretanicus mauretanicus was collected in Marakesh (Morocco).
Extraction of Nucleic Acids
Scorpion segments kept at À70°C were ground into fine powder under liquid nitrogen using mortar and pestle. DNA extraction was performed as previously described for sea anemone tissues (Dellacorte 1994; Moran et al. 2008) . RNA was extracted from ground telsons, which contain the venom glands, and was dissolved in Trizol reagent (Invitrogen, Carlsbad, CA) . Further RNA purification steps were carried out according to the manufacturer instructions. The RNA was treated with a ''DNA-free kit'' (Ambion, Austin, TX) in order to eliminate any residual DNA. Each aliquot of nucleic acids was produced from a single scorpion.
3' Rapid Amplification of cDNA Ends
3# Rapid amplification of cDNA ends (RACE) was performed by the 5#/3' RACE kit, second generation (Roche Applied Sciences, Mannheim, Germany), according to the manufacturer instructions in the presence of Protector RNAse Inhibitor (Roche Applied Sciences). The singlestranded DNA obtained was amplified by polymerase chain reaction (PCR) using the Phusion hot start enzyme (Finnzymes, Espoo, Finland) , and the products were cloned into pBluescript KS (Stratagene, La Jolla, CA) predigested with EcoRV.
Genome Walking
Genome walking was performed as previously described (Siebert et al. 1995) . Briefly, 2.5 lg genomic DNA was digested with PvuII, DraI, EcoRV, ScaI, or StuI (New England Biolabs, Ipswich, MA), purified, and ligated by Mighty mix ligation kit (Takara Bio, Shiga, Japan) to DNA adapters. Touchdown PCR was performed with a primer corresponding to the adapter and a primer corresponding to the sequence of the gene of interest using the digested genomic DNA as template. This stage was followed by nested PCR, using the diluted product of the first PCR as template. All genome-walking PCRs were performed with Phusion, hot start version (Finnzymes), and the products were cloned to pBluescript KS (Stratagene) digested with EcoRV.
Multiple Alignments and Phylogeny Reconstruction
Multiple alignments were created using CLC Sequence Viewer 4.6.2 (CLC Bio, Aarhus, Denmark) with the following parameters: gap open cost 5 10, gap extension cost 5 1, and end gap cost 5 as any other. Phylogenetic trees were reconstructed in the MEGA4 software (Tamura et al. 2007 ) using the Neighbor-Joining method and the maximum composite likelihood model (Tamura et al. 2004 ) with 500 bootstrap replicates.
Phylogenetic Analysis by Maximum Likelihood
The program CODEML from the package PAML (Yang 2007 ) was used in the codonml mode with complete gap deletion in all analyses. Branch lengths were estimated by running the program with runmode 5 0 and model M0 and used in all subsequent analyses as recommended in the program manual (http://abacus.gene.ucl.ac.uk/software/ paml.html). Likelihood ratio tests (LRTs) were constructed as follows: The program was run with runmode 5 1 and the four models M1a, M2a, M7, and M8. The model M1a allows for x , 1 as well as x 5 1. The model M7 allows for the same x values assuming that the x , 1 sites conform to a b distribution. The models M2a and M8 also allow for x . 1 (positive selection), with model M8 assuming a b distribution. Each of the pairs M1a/M2a and M7/M8 constitutes an LRT. The natural logarithm of the maximum likelihood (lnL) was computed for each model. For each LRT, 2 Â (lnL 1 -lnL 0 ) was computed, where L 0 (the null assumption) is the model that does not allow for x . 1. This value was compared against a v 2 table for 2 degrees of freedom. A P . 0.95 was considered significant and, thus, indicative of positive selection. Pairwise analysis was done using runmode 5 À2 and the model M0, as recommended in the program manual.
Expression and Purification of Recombinant Toxins
Mutants of LqhaIT and Lqh2 were produced using the expression vectors pET-11 and pET-14 and Escherichia coli strain BL21 by following established procedures (Turkov et al. 1997; Cohen et al. 2005) , respectively. Sequences encoding the mature portion of the new toxins were amplified via PCR, cloned into the NcoI and BamHI restriction sites of a pET-32b derivate, and produced in E. coli strain Weinberger et al. · doi:10.1093/molbev/msp310 MBE Rosettagami (Novagen, Madison, WI) as was described (Moran et al. 2007 ).
Circular Dichroism Spectroscopy
Circular dichroism (CD) spectra were recorded at 25°C using a model 202 CD spectrometer (Aviv Instruments, Lakewood, NJ). Toxins (140 lM) were dissolved in 5 mM sodium phosphate buffer, pH 7.0, and their spectrum was measured using a quartz cell of 0.1-mm light path. Blank spectrum of the buffer was run under identical conditions and subtracted from each of the toxin spectra.
Toxicity Assays
Four-day-old blowfly larvae (Sarcophaga falculata; 150 ± 20 mg body weight) were injected intersegmentally. A positive result was scored when a characteristic paralysis (immobilization and contraction) was observed up to 5 min after injection. Five concentrations of each toxin were injected to larvae (nine larvae in each group) in three independent experiments. Effective dose 50% (ED 50 ) values were calculated according to the sampling and estimation method of Reed and Muench (1938) .
Electrophysiological Assays
RNAs encoding rNa v 1.2a (rat brain sodium channel), rNa v 1.4 (rat skeletal muscle sodium channel), and DmNa v 1 (Drosophila melanogaster para sodium channel) a-subunits and the respective auxiliary subunits b1 and TipE were transcribed in vitro using T7 RNA polymerase and the mMESSAGE mMACHINE system (Ambion) and injected into Xenopus laevis oocytes as was described (Shichor et al. 2002) . Currents, measured 1-4 days after injection, were elicited by depolarization to À10 mV from a holding potential of À80 mV in the presence of toxin and were allowed to reach a steady-state level prior to the final measurement as was described (Moran et al. 2006) . Steady-state currents at À10 mV were normalized to the control current. EC 50 is the toxin concentration at which half-maximal inhibition of fast inactivation is obtained.
Results
Phylogenetic Classification of Scorpion Species
To expand the data set of nucleotide sequences encoding a-toxins to additional species that thus far were not analyzed, the relatedness of these species to the Buthidae family had first to be verified. Because the phylogeny of scorpion species, which was based on morphological data, has recently been challenged using molecular markers (Gantenbein and Largiadèr, 2003) , we first reestablished a scorpion phylogenetic tree using the molecular markers employed by Gantenbein and Largiadèr (2003) . We amplified the internal transcribed spacer 1 (ITS1) of the Buthidae scorpions A. bicolor, A. crassicauda, A. mauretanicus mauretanicus, L. quinquestriatus hebraeus, H. judaica, and of the species S. maurus palmatus of the Scorpionidae family. These novel ITS1 sequences together with their previously sequenced homologues from A. amoreuxi from Medinine, Tunisia [AJ404486], A. australis hector from Douz, Tunisia [AJ404479], and B. occitanus tunetanus from Tamerza, Tunisia [AJ506965], were aligned, and a neighbor joining tree was reconstructed ( fig. 1 ). This tree supports the classical morphology-based phylogeny, wherein S. maurus palmatus is an outgroup compared with Buthidae scorpions, and all Androctonus species form a monophyletic group.
Isolation of Novel Sequences Encoding Scorpion a-Toxins
Degenerate primers designed according to the amino acid sequence of the toxin Lqh2 (Sautiere et al. 1998) were used in PCR amplification of the corresponding cDNA from L. quinquestriatus hebraeus. Primers for genome walking were then designed according to the sequence of this transcript. These primers were also used on genomic DNA of A. bicolor, A. crassicauda, and A. mauretanicus mauretanicus, giving rise to two genes encoding two new putative toxins, named Ac2 and Ab8, after the toxins Lqh2/Aah2 and Amm8 to which they are most similar at the amino acid level. No product was obtained from A. mauretanicus mauretanicus. The structure and sequence of these genes as well as that of Lqh2 were verified by subsequent PCR on a genomic template using primers designed according to the leader and downstream sequences of each gene. These PCR amplifications also yielded the sequence of another putative novel toxin, named Ac3 for its high similarity to Bot3 at the amino acid level.
The primers matching the leader sequence were also used in combination with an oligo-dT primer on cDNA of L. quinquestriatus hebraeus, A. bicolor, A. crassicauda, and A. mauretanicus mauretanicus. Five sequences were raised: one encoding a known putative toxin (Amm8rgp variant 3) and four encoding new putative toxins, which were named according to the known toxins to which they were most similar at the amino acid level: Ac1 (Aah1), Ac4 (Aah4), and Lqh3.1 (Lqh3) (supplementary file 1, Supplementary Material online). As the fourth sequence was relatively distant from all known toxins, it was serially numbered Amm10 (with Amm8rgp considered ''Amm9''). In addition, primers were designed according to the known sequence of BjaIT (Arnon et al. 2005) and used on H. judaica genomic DNA. Two sequences were raised: one encoding the known toxin BjaIT and another encoding a new putative toxin, Bja2.
Of the new sequences, a few representatives were produced in recombinant form, and their activity was assayed. Injection of blowfly larvae and monitoring contraction paralysis revealed that Amm8rgp variant 3 (previously sequenced but never examined; Alami et al. 2006 ), Ab8, Ab9, Ac4, and Amm10 were weakly active (ED 50 . 2 lg per 100 mg larvae). Analysis of the ability of these toxins to inhibit sodium current inactivation of DmNa v 1 (Drosophila), rNa v 1.2 (rat brain), and rNa v 1.4 (rat skeletal muscle) sodium channels expressed in Xenopus oocytes has shown that Ac4 and Amm9 were inactive at the three channel types, whereas Ab9 and Amm10 were weakly active only at DmNa v 1. Ab8 was very active at rNa v 1.2 and almost inactive Positive Selection Tested in Scorpion a-Toxins · doi:10.1093/molbev/msp310 MBE at the other channel subtypes, like its close homologue Amm8 (representative traces are shown in supplementary file 2, Supplementary Material online). From the sequence homology and pharmacological effects, it appears that the new putative toxins, indeed, belong to the a-toxins class.
Reconstruction of a Phylogenetic Tree of Scorpion a-Toxins
The regions encoding the mature toxin of the 10 new sequences and 35 known sequences were aligned and used for phylogenetic tree reconstruction in MEGA 4.0 (supplementary file 1, Supplementary Material online). Twentyeight of these sequences were from GenBank (AF057554,  AF151796, AJ308439, AJ536595, AJ536596, AJ536597,  AM159181, AM159182, AY585097, DQ058408, FJ360768,  FJ360770, FJ360772, FJ360773, FJ360774, FJ360775,  FJ360776, FJ360777, FJ360779, FJ360781, FJ360783,  FJ360784, FJ360784 , M27704, S69808, U28660.1, X76135, and X92376) and seven from other sources (Zilberberg 1997; Froy et al. 1999; Alami et al. 2001; Benkhadir et al. 2004) . The sequence encoding the toxin Ts4 of the Brazilian scorpion Tityus serrulatus was used as an outgroup. Data regarding all the toxins used for the phylogenetic tree is available in supplementary file 3 (Supplementary Material online). The tree was reconstructed using a Neighbor-Joining algorithm with the Maximum Composite Likelihood model and 500 bootstrap replicates ( fig. 2 ). Similar tree topology was obtained using other algorithms (e.g., Unweighted pair group method with arithmetic mean, maximum likelihood; data not shown).
No simple relationship-or lack thereof-between the phylogenetic and pharmacological classifications was observed. The sequences encoding toxins active at the mammalian brain channel rNa v 1.2 fell into two well-defined clades, Aah1-like and Aah2-like, which are phylogenetically distant despite their similar pharmacological effect. Furthermore, the Aah2-like clade seems to have diverged prior to the other clades. The sequences encoding the toxins active at insect and mammalian Na v s (group 3; see Introduction) and those inactive at mammalian brain Na v s (group 2) did not cluster according to their pharmacological properties. Rather, they fell into Lqh3-like and LqhaIT-like clades, with the former a sister taxon to the Aah1-like toxins ( fig. 2 ).
Maximum Likelihood Analyses Point Toward Novel Functional Positions
A second alignment and tree, constructed without the outgroup Ts4 in order to minimize alignment gaps (supplementary file 4, Supplementary Material online), were used for analysis with the CODEML program of the PAML package (Yang 2007) . The program was run as codonml, calculating x per codon of the alignment and omitting all codons with gaps. The pairwise analysis suggests that scorpion a-toxins are overall conserved relative to one another. The Aah2-like clade is particularly conserved as indicated by a higher proportion of pairs for which x , 0.3 ( fig. 3 ; supplementary file 5, Supplementary Material online). An exception to this trend is the putative toxin Amm5rgp, which was not found even when a venom pool derived from a large number of scorpions was analyzed by mass spectrometry (Oukkache et al. 2008 ). The clearest deviation from the overall conservation is the relationship of the Aah2-like and Lqh3-like clades, which are clearly accelerated relative to one another. The evolution of LqhaIT-like toxins was somewhat accelerated relative to the Lqh3-like clade. Interestingly, the two toxins from the scorpion H. judaica are markedly conserved relative to the other toxins but not to one another: the pairwise x value between them is an astounding 99. The only other pair of toxins to achieve x . 5 in this analysis are BoiTx120 and BoiTx772, which are less conserved relative to other toxins. When the genes encoding the two H. judaica toxins were compared, the proportion of substitutions between the introns of BjaIT Weinberger et al. · doi:10.1093/molbev/msp310 MBE and Bja2 was substantially lower than the proportion of synonymous substitutions in the second exon (0.2% vs. 0.51%; no synonymous substitutions were detected in the first exon). Indeed, this also holds true for the proportion of overall substitutions. This is a well-characterized pattern among toxin genes that have evolved under positive selection (Nakashima et al. 1993; Duda and Palumbi 1999) and was also reported for several neurotoxin gene pairs from the scorpion B. occitanus israelis (KozminksyAtias et al. 2008) .
Both LRTs strongly support the possibility that positive selection was involved in the evolution of these toxins (table 1). In addition to the ''global'' lnL, models M2a and M8 also highlighted sites that have been subjected to positive selection. These two models suggest identical sites with P . 0.98 and do not support three of the seven sites previously reported to evolve under positive selection (Zhu et al. 2004 ). According to the numbering of Lqh2 and LqhaIT, the positively selected positions are 10, 18, 39, and 41 ( fig. 4A ). Positions 10 and 18 have been elucidated by chemical modifications and mutagenesis as part of the bioactive surface (reviewed in Zilberberg 1994 and Gordon et al. 2007 ). Therefore, we mutagenized positions 39 and 41 in LqhaIT and Lqh2 to evaluate their putative role. Because leucine appears at position 39 in all Aah1-like toxins, which show prominent activity at mammalian Na v s ( fig. 4A ), we substituted A39 by Leu in LqhaIT and Lqh2 (LqhaIT A39L and Lqh2
A39L
) and exchanged the 41st position between the two toxins (LqhaIT K41P and Lqh2 P41K ).
Functional Assays of Toxin Derivatives Mutated at Positions 39 and 41
The toxicity of mutants LqhaIT K41P , LqhaIT
A39L
, and Lqh2 A39L was examined on blowfly larvae. Although the potency of LqhaIT K41P dropped 5.5-fold, the potency of LqhaIT A39L increased 20-fold compared with the potency of LqhaIT (table 2), a surprising effect that went unnoticed in previous analyses (Karbat et al. 2004 ). Whereas Lqh2 is practically inactive on fly larvae, the ED 50 of Lqh2 A39L dropped to 2.5 lg per 100 mg larvae. Further analysis of these toxin mutants on the heterologously expressed DmNa v 1, rNa v 1.2, and rNa v 1.4 sodium channels has shown that the potency of LqhaIT K41P for DmNa v 1 and rNa v 1.4 decreased ;30-fold compared with that of the wild-type toxin (table 2 and fig. 5 ). Because the CD spectra of the
FIG. 2.
Phylogenetic tree of scorpion a-toxins. Phylogeny was reconstructed based on mature toxin nucleotide sequences using the NeighborJoining algorithm in the MEGA4 software (Tamura et al. 2007 ). Bootstrap percentage values, calculated from 500 replicates, appear above the branches.
Positive Selection Tested in Scorpion a-Toxins · doi:10.1093/molbev/msp310 MBE mutant and wild-type toxins were very similar ( fig. 4C) , it is likely that this substitution did not perturb the overall structure, suggesting that Lys41 is involved in bioactivity of LqhaIT. In contrast, the reciprocal substitution, P41K, in Lqh2 did not affect toxin potency (table 2) , implying a difference in the way the two a-toxins interact with the sodium channel. Most dramatic effects were obtained upon substitution at position 39 as the potency of the two atoxins for rNa v 1.2, rNa v 1.4, and DmNa v 1 increased significantly, though at varying magnitudes (table 2) . Moreover, despite the very weak activities of LqhaIT at rNa v 1.2 and Lqh2 at DmNa v 1, the LqhaIT A39L mutant exhibited moderate potency (55-fold increase) for rNa v 1.2, and the same substitution in Lqh2 significantly increased the potency for DmNa v 1 (227-fold). These unexpected results demonstrate that position 39, which is under positive selection, is involved with the potency as well as the selectivity of the two scorpion a-toxins.
Discussion
Phylogeny and Evolutionary Patterns
The reconstruction of a phylogenetic tree of scorpion a-toxin genes revealed evolutionary patterns that reflect on their functional diversification. Notably, the Aah2- like   FIG. 3 . Pairwise x estimation of scorpion a-toxins. x estimates were calculated in CODEML (Yang 2007) . Blue: x , 0.3; gray: 0.3 , x , 0.9; green: 0.9 , x , 1.1: yellow: 1.1 , x , 2; red: 2 , x , 99; black: x 5 99. Thick lines separate the phylogenetic clades. Sequences appear in order of similarity following the multiple alignment (supplementary file 4, Supplementary Material online). MBE toxins are particularly conserved as they have the widest distribution across species in the phylogenetic tree, but they are the least diverged among the clades. Their importance is insinuated by the fact that the same pharmacological profile has independently evolved in the Aah1-like clade, which is the most distant of the Aah2-like clade. The Aah1-like clade may also be evolutionary ''young'' as all its toxins belong to a single monophyletic group, the genus Androctonus. Although these toxins are obviously of selective importance, their relative advantage is obscure: for example, Ab8 and Amm8 hardly affect nonneuronal channels (e.g., skeletal and cardiac muscle channels) and yet Amm8 is abundant in the venom of A. mauretanicus mauretanicus (Alami et al. 2003) . As scorpion neurotoxins most probably do not penetrate the central nervous system upon a sting, the functional importance and conservation of Ab8 and Amm8 is unclear. It is possible that these toxins, as well as other putative toxins found to be practically inactive when assayed on fly and murine models (e.g. Ac4 and Amm9), are active on other, yet unknown targets, an issue raised recently also for spider neurotoxins (Clement et al. 2007 ). Alternatively, it cannot be ruled out that at least some of these weak toxins may cooperatively enhance the activity of other venom components, as was suggested for scorpion alpha-and beta-toxins ). Another possibility is that some of the neurotoxin loci are Positive Selection Tested in Scorpion a-Toxins · doi:10.1093/molbev/msp310 MBE retained in the genome and even transcribed or translated despite apparent lack of function in the venom. This may be a toll worth paying in order to maintain a large collection of neurotoxin-encoding genes subjected to duplication and diversification. From comparison of nucleotide and protein data (e.g. Chen et al. 2005 vs. Favreau et al. 2006 and Oukkache et al. 2008 vs. Alami et al. 2006) , it is evident that at least some intact messenger RNA and genes encoding scorpion a-toxins are not expressed in the venom at detectable levels, raising questions regarding the mechanisms that enhance or repress their production. Two acceleration trends clearly emerge from the general conservation background: the Lqh3-like toxins versus the Aah2-like toxins and the two toxins from H. judaica ( fig. 3) . The case of H. judaica toxins is more readily explained as they seem to be the only a-toxins of this species, and therefore, it is reasonable that their evolution had been driven by a strong divergence pressure. The pharmacology of Lqh3-like and Aah2-like toxins differs markedly: the Lqh3-like toxins are active toward the widest array of targets, whereas the Aah2-like toxins are active toward the most narrow array (mammals only) but exhibit the highest potency. These differences in function and selectivity apparently demonstrate the selective pressure that drove the evolution of these toxin groups.
From Computational Analysis to Experimental Verification
Functional studies of protein regions that presumably evolved under positive selection were rarely reported and, in many instances, were suggested to be artifacts or lack biological reasoning (reviewed by Hughes 2007) . Still, an established example is the patch in the SPRY domain of the TRIM5a protein in primates that was demonstrated by Sawyer et al. (2005) to evolve under positive selection and to confer host immunity to various retroviruses including HIV. Positive Darwinian selection was described in several studies of the evolution of animal toxin genes, but unlike in our present study in most of them, only global x values were calculated (Nakashima et al. 1993; Duda and Palumbi 1999; Chen et al. 2008; Moran et al. 2008) . A common explanation for the strong positive selection acting on the toxin genes is a putative ''arms race'' between the prey and its predator in which the receptor and its toxin ligand, respectively, are constantly coevolving (Duda and Palumbi 1999) .
The broad data set we used in the phylogenetic analyses of scorpion a-toxins revealed that although the toxins are highly conserved, certain positions have evolved under positive selection. This is fairly reasonable considering canonic examples of accelerated evolution as that of the major histocompatibility complexes, in which positive selection is FIG. 5 . Effects of Lqh2, LqhaIT, and mutants on fast inactivation of mammalian and insect sodium channels. Oocytes expressing rNa v 1.2a (rat brain), rNa v 1.4 (rat skeletal muscle), and DmNa v 1 (Drosophila melanogaster) sodium channels were clamped at À80 mV. Currents were elicited by depolarization to À10 mV from the À80 mV holding potential in the presence of increasing toxin concentrations. At each toxin concentration, the currents were allowed to reach a steady-state level prior to the final measurement. The dose-dependent effect of the toxin (removal of fast inactivation) was calculated by plotting the ratio of the steady-state current measured 50 ms after depolarization (I ss ) to the peak current (I peak ) as a function of toxin concentration and then normalized to the control current. Lqh2, Lqh2 A39L , and Lqh2 P41K are in filled symbols (circles, squares, and triangles, respectively). LqhaIT, LqhaIT A39L , and LqhaIT K41P are in empty symbols (circles, squares, and triangles, respectively). The calculated EC 50 values are summarized in table 2.
Weinberger et al. · doi:10.1093/molbev/msp310 MBE restricted either to positions where hypervariability may be advantageous or to positions where the potential positive gain outweighs the possible selective price (Hughes 2007) . Therefore, it is rational to expect that neurotoxin residues playing a role in selectivity have evolved under positive selection, potentially expanding the variety of targeted species, thus contributing to the fitness of the scorpion. Likewise are residues involved in bioactivity whose substitution may increase toxin potency. Positions 39 and 41 conform to these expectations in that Lys41 is involved in bioactivity of LqhaIT, and substitution A39L in both LqhaIT and Lqh2 increased the activity on all Na v s analyzed, as well as significantly altered toxin selectivity, as demonstrated by the different ratios of mutant/wild-type toxin activities (table 2 and fig. 5 ). Although LqhaIT is considered almost inactive at the mammalian brain channel rNa v 1.2a , LqhaIT A39L shows clear activity at this channel subtype. Similarly, the activity of the Lqh2 mutant Lqh2 A39L at the insect channel DmNa v 1 increased prominently compared with the very weak effect of the unmodified toxin (table 2) . The remarkable increase in activity now raises a new challenge to unravel the molecular details at the toxin-receptor face of interaction associated with such increase in affinity.
Conclusions
This study 1) demonstrates how an adequately broad data set is critical for accurate phylogenetic analysis of scorpion a-toxins enabling clear refinement of positions under positive selection and 2) validates the computational findings at the bench, giving rise to novel toxin derivatives with altered potency or preference for target Na v s. Overall, these results prove that functional research may be facilitated by evolutionary and computational methods and challenge the limits of bioactivity scorpion a-toxins may reach.
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